Duplications of one or more exons of the dystrophin gene are the second most common mutation in dystrophinopathies. Even though duplications are suggested to occur with greater complexity than thought earlier, they have been considered an intragenic event. Here, we report the insertion of a part of the IL1RAPL1 (interleukin-1 receptor accessory protein-like 1) gene into the duplication junction site. When the actual exon junction was examined in 15 duplication mutations in the dystrophin gene by analyzing dystrophin mRNA, one patient was found to have an unknown 621 bp insertion at the junction of duplication of exons from 56 to 62. Unexpectedly, the inserted sequence was found completely identical to sequences of exons 3-5 of the IL1RAPL1 gene that is nearly 100 kb distal from the dystrophin gene. Accordingly, the insertion of IL1RAPL1 exons 3-5 between dystrophin exons 62 and 56 was confirmed at the genomic sequence level. One junction between the IL1RAPL1 intron 5 and dystrophin intron 55 was localized within an Alu sequence. These results showed that a fragment of the IL1RAPL1 gene was inserted into the duplication junction of the dystrophin gene in the same direction as the dystrophin gene. This suggests the novel possibility of co-occurrence of complex genomic rearrangements in dystrophinopathy.
INTRODUCTION
Duchenne and Becker muscular dystrophies (DMD/BMD) are the most commonly inherited muscle diseases that are caused by mutations in the dystrophin gene. This gene consists of 79 exons and is the second largest human gene, spanning more than 2.5 Mb on Xp21.2. It is characterized by a number of large introns and at least eight alternative promoter/first exons scattered among the introns. 1,2 Duplications involving one or more exons of the dystrophin gene are the second most common type of mutation in humans, accounting for approximately 5-10% of dystrophinopathy patients, whereas deletions occupy nearly 60% of mutations [3] [4] [5] Though the exact organization of the duplicated exons remains uninvestigated in most cases, it is believed that such duplicated rearrangements consist of a simple tandem head-to-tail duplication within the dystrophin gene. This hypothesis has been adopted to explain DMD or BMD phenotypes based on the reading frame rule that is widely accepted. 6 However, one duplication that is not in tandem has been reported, 5 suggesting that the above hypothesis is not always correct. In addition, duplicated exons were shown to exist in separate regions of the dystrophin gene. 5, 7 Recently, two separate duplicated dystrophin exons were found to consist of two tandem head-to-tail duplications by analysis of dystrophin mRNA. 8 These observations suggest that duplication mutations are sometimes complex. So far, all duplications have been reported as intragenic events.
The IL1RAPL1 (interleukin-1 receptor accessory protein-like 1) gene, responsible for X-linked mental retardation, spans 1.36 Mb on Xp22.1, nearly 100 kb distal from the dystrophin gene. 9, 10 Both dystrophin and IL1RAPL1 genes were found to reside in an identical common fragile site (FRAXC). 10 However, little attention has been paid to IL1RAPL1 gene mutation in dystrophinopathy, even though mental retardation is observed in nearly one-third of DMD patients. The co-occurrence of mutations in these two genes has been reported in a contiguous gene deletion syndrome, in which both dystrophin and IL1RAPL1 genes are affected, the deletion beginning and ending within these genes [11] [12] [13] Therefore, it is supposed that an unknown mechanism mutates these two separated genes concurrently. Recently, a mechanism of the fork stalling and template switching (FoSTeS) was proposed as a novel mechanism to mutate two separated genes. [14] [15] [16] However, any mutation in the dystrophin gene has not been claimed to be caused by FoSTeS, as far as we know.
Here, we report a previously undescribed duplication of the dystrophin gene that is complicated by the insertion of a duplicated part of the IL1RAPL1 gene into the dystrophin duplication site. This complex rearrangement raises the novel possibility that there is a co-occurrence of two gene mutations even in dystrophinopathy.
MATERIALS AND METHODS Patients
At the Kobe University Hospital, mutation analysis of the dystrophin gene was conducted in more than 400 DMD/BMD patients. In 39 patients, duplications of one or more exons of the dystrophin gene were disclosed. Among them, 15 patients were further examined for their actual exon junction by dystrophin mRNA analysis as described earlier. 8 All except one showed exon structure compatible with their genomic duplication. The proband (KUCG447) was a 10-year-old Japanese boy. At the age of 3 years, his serum creatine kinase level was accidentally found to be markedly elevated (34 070 IU l À1 ) and he was clinically diagnosed as having DMD. At the age of 6 years, he was referred to Kobe University Hospital to be examined for a mutation in the dystrophin gene. He showed Gowers' sign but mental retardation was not indicated. A muscle biopsy at the age of 8 years disclosed no dystrophin staining, confirming a DMD diagnosis. The Ethical Committee of Kobe University Graduate School of Medicine approved this study and consent for this study was obtained from his parents.
Multiplex ligation-dependent probe amplification analysis DNA was isolated from lymphocytes derived from the patient, his mother, his maternal grandmother and normal individuals by standard phenol-chloroform extraction methods. Multiplex ligation-dependent probe amplification analysis was performed with the P034 and P035 kits from MRC-Holland (Amsterdam, The Netherlands) by the Mitsubishi Medience Corporation (Tokyo, Japan). 17 This technique allowed examination of the full extent of any deletions or duplications of exon(s) in the dystrophin gene.
mRNA analysis
Both dystrophin and IL1RAPL1 mRNAs were examined by reverse transcription-PCR as described earlier. 18 Briefly, total RNA was isolated from thin-sliced (6 mm) muscle sections of frozen muscle samples using ISOGEN (Nippon Gene, Toyama, Japan). After synthesizing cDNA with reverse transcriptase (Invitrogen, Carlsbad, CA, USA), target fragments were PCR amplified using conditions essentially as described earlier. 19 A fragment encompassing the duplication junction between exons 62 and 56 was amplified using a forward primer corresponding to a segment of exon 61 and a reverse primer complementary to a segment of exon 59 (Table 1) .
To examine IL1RAPL1 mRNA, a fragment extending from exons 1 to 9 was amplified using a forward primer corresponding to a segment of exon 1 and a reverse primer complementary to a segment of exon 9 ( Table 1 ). The amplified products were purified and directly sequenced using an automated DNA sequencer (model 310; Applied Biosystems, Foster City, CA, USA).
Genomic quantification of IL1RAPL1 exons
Genomic dosage of exons of the IL1RAPL1 gene was assessed by semiquantitative multiplex PCR as described earlier. 20 Five fragments encompassing each exon from 2 to 6 of the IL1RAPL1 gene and one fragment encompassing exon 22 of the dystrophin gene were co-amplified in one PCR reaction using six sets of primers (Table 1) . PCR products were separated by capillary electrophoresis (Agilent 2001 Bioanalyzer with DNA 1000 Lab Chips, Agilent Technologies, Palo Alto, CA, USA). The amount of each PCR product from IL1RAPL1 exons was quantified by measuring their peak areas and calculating the ratio of their areas to that of dystrophin exon 22. 
Determination of insertion breakpoints
In order to define rearrangement junctions in intron sequences, the ends of the duplications were determined by quantitating PCR amplified products from regions of each intron as described earlier. 21 The dystrophin and IL1RAPL1 gene sequences were obtained from the human genome sequence (GenBank NT_011757). Five distributed regions of introns 55 and 62 of the dystrophin gene (120 and 63 kb, respectively) and four regions of introns 2 and 5 of the IL1RAPL1 gene (494 and 269 kb, respectively) were each amplified to yield 150-400-bp-long PCR products (data available on request). The genomic dosage of the amplified intron regions was assessed by semiquantitative multiplex PCR as described earlier. 20 The insertion breakpoints were assumed roughly in the region between fragments with single and double amounts of the PCR products. Again, distributed fragments within the breakpoint region assumed from the preceding PCR amplification study were PCR amplified to localize the limit between single and double amounts of the PCR products. This process was repeated to narrow down the breakpoint until the breakpoint junction was presumed to be less than 1000 bp (data available on request). Finally, two junction fragments were obtained: one using a forward primer located in dystrophin intron 62 and a reverse primer in IL1RAPL1 intron 2, and the other using a forward primer from IL1RAPL1 intron 5 and a reverse primer from dystrophin intron 55 (Table 1 ). The amplified products were then purified and directly sequenced.
Genomic sequence analysis
Four genomic regions corresponding to the junctions in dystrophin introns 55 and 61 and IL1RAPL1 introns 2 and 5, and genomic regions encompassing duplicated exons in both dystrophin and IL1RAPL1 genes were amplified using primers derived from the flanking sequences (Table 1) . Amplified products were directly sequenced using an automated DNA sequencer (model 310; Applied Biosystems). Dinucleotide repeat markers from intron 59 (DMD1-2c/ DMDI) and intron 62 (DI623) were also analyzed to try to disclose allelic differences as described earlier. 22, 23 Examination of the insertion junction sequences DNA sequences encompassing the insertion junction were analyzed for repetitive elements and low-complexity sequences by use of the RepeatMasker web server (www.repeatmasker.org). Alu sequences were annotated according to Batzer's report. 24 
RESULTS
In 15 duplications in the dystrophin gene, actual exon junctions were disclosed by sequencing of the reverse transcription-PCR product encompassing the junction region and all but one showed junction sequences compatible with genomic results (data not shown). In the index patient, multiplex ligation-dependent probe amplification analysis of the dystrophin gene showed twice the amount of products for 7 exons consisting of exons 56-62, whereas other exons remained normal (data not shown). On the basis of the conventional understanding of multiplex ligation-dependent probe amplification analysis, exons 56-62 were thought to be involved in a tandem head-to-tail duplication, with the 7 duplicated exons inserted between exons 62 and 63 in the patient's dystrophin mRNA. Applying this assumption to the translational reading frame, a premature stop codon appeared in the sequence of the inserted exon 56. Therefore, the patient's genotype matched with the severe DMD phenotype.
To determine the orientation and location of the duplicated region, the exon structure of dystrophin mRNA was examined. A fragment encompassing the junction between exons 62 and 56 was reverse transcription-PCR amplified using a pair of primers, forward and reverse primers for exon 61 and complementary to exon 59, respectively (Table 1) . As a result, the amplification product was obtained from the patient's skeletal muscle RNA, but not from a normal control individual (Figure 1) . Unexpectedly, the size of the product (1287 bp) was larger than the expected size of 666 bp. Direct sequencing of the product revealed a novel transcript: sequences of exons 61 and 62 were followed by an unknown 621 bp long sequence, after which sequences of exons 56, 57, 58 and 59 appeared (Figure 1 ). Both sequences and junctions of dystrophin exons were maintained completely intact. From the order of identified exons in dystrophin mRNA, we concluded that exons 56-62 were tandem head-to-tail duplications, leaving the 621-bp insertion unidentified.
A BLAST search of the 621 bp sequence revealed that the sequence was completely identical to a part of the cDNA sequence of the IL1RAPL1 gene (bases 713-1333 of GenBank NM_014271). The inserted 621-bp sequence was found to consist of exons 3, 4 and 5 of the IL1RAPL1 gene, and was inserted in the same direction as the dystrophin exons (Figure 1) . These results showed that a novel chimeric dystrophin-IL1RAPL1-dystrophin transcript consisting of dystrophin exons 1-62, IL1RAPL1 exons 3-5 and dystrophin exons 56-79 was produced in the index patient. This transcript encoded a TGA stop codon at the fifth codon in the inserted sequence, consistent with the severe DMD phenotype (Figure 1) . The patient's IL1RAPL1 mRNA was examined by reverse transcription-PCR amplification of a fragment encompassing exons 1-9 of the IL1RAPL1 gene. Surprisingly, this amplification yielded a product with an expected size (1289 bp) and completely normal sequence, including exons 3-5 ( Figure 2a) . Therefore, we concluded that the IL1RAPL1 gene was intact in the patient's genome.
From the above findings, we supposed that an extra copy of exons 3-5 of the IL1RAPL1 gene was present in the patient's genome. We therefore examined the copy number of exons of the IL1RAPL1 gene by semiquantitative PCR. The amount of amplified products from exons 3, 4 and 5 of the IL1RAPL1 gene was nearly twice that of the control, but the same for exons 2 and 6, indicating two copies of exons 3-5 of the IL1RAPL1 gene in the patient's genome (Figure 2b ). Taken together with the above results, we concluded that the dystrophin gene acquired an extra copy of the IL1RAPL1 gene between exons 62 and 56 in the same direction as the dystrophin gene.
To confirm the insertion of the IL1RAPL1 gene into the dystrophin gene at the genomic level, insertion breakpoints were examined. At first, the junction between dystrophin intron 62 and IL1RAPL1 intron 2 was narrowed down by repeating semiquantitative PCR amplifications of intron regions (Supplementary Information). Finally, we attempted to PCR amplify the junction fragment between dystrophin intron 62 and IL1RAPL1 intron 2. Although the primer binding sites would be too distant for amplification to occur in the control, the primers should have been in sufficient proximity for amplification to occur in the patient (Figure 3) . From the patient, one 995-bp product was obtained. As expected, sequencing of the product revealed the junction sequence between dystrophin intron 62 and IL1RAPL1 intron 2; a multiple sequence alignment revealed that the sequence of intron 62 ended at nt 29066747 (GenBank NT_011757) and joined to nt 26840485 (GenBank NT_011757) of intron 2 of the IL1RAPL1 gene (Figure 3 ). This showed that dystrophin intron 62 was shortened to 56.7 kb from 62.6 kb, and IL1RAPL1 intron 2 to 242.3 kb from 251.3 kb.
Remarkably, a single C-nucleotide that did not match with either intron sequence was found inserted at this intron junction (Figure 3) . Although intron sequences nearby the junction were further examined, neither significant sequence homology between two introns nor specific structures, such as a topoisomerase consensus cleavage site were found. These characteristics indicated that the rearrangement was caused by nonhomologous recombination. Remarkably, it was found that the breakpoint in intron 62 was actually within the first exon of G-dystrophin, a dystrophin isoform transcribed from alternative promoters. 25 Thereby, the 194-bp long first exon was disrupted at the 40th nucleotide (Figure 3) . In addition, a total of 15 bases (5¢-CGGAGCCCGACACGG-3¢) (nt 29066825 to 29066810) were found deleted from intron 62 at 65 bp upstream from the junction.
Instead, a single T-nucleotide was inserted at this deletion site. The 15-bp deletion removed 10 bp of the 3¢ part of one GC-box, constituting a promoter region of G-dystrophin (Figure 3 ). 
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Regions covering the junctions in dystrophin intron 62 and IL1RAPL1 intron 2 were amplified. One PCR amplified product specific to each region was obtained from the case as well as from a normal control. Sequencing of the products disclosed completely intact sequences, indicating no genomic changes predisposing the rearrangement. The 15-bp deletion identified upstream of the recombination site in intron 62 was present only in the junction site and not in non-recombined intron. Therefore, the deletion seemed to be an additional genomic rearrangement complicating the duplication mutation. In fact, a G-dystrophin transcript with normal exon content was detected in this patient as in the control, indicating intact intron 62 (data not shown).
As one junction was clearly revealed, we supposed that the junction between IL1RAPL1 intron 5 and dystrophin intron 55 should be present. Using the same strategy as described above (Supplementary Information), the junction fragment was cloned. Finally, the junction Figure 3 The junction between dystrophin intron 62 and IL1RAPL1 intron 2. Normal sequences of dystrophin intron 62 and IL1RAPL1 intron 2 are aligned in a 5¢ to 3¢ direction (left to right) at the top and bottom lines, respectively. In the middle, the junction sequence is shown. Vertical lines indicate nucleotide matches. Gaps are indicated by dashes and the inserted nucleotide at the junction is indicated in bold. Vertical arrowheads indicate nucleotide numbers on the X-chromosome (GenBank NT_011757). No significant sequence homology was found around the breakpoint. Exon 1 of G-dystrophin in dystrophin intron 62 is boxed. A GC-box is underlined. Figure 4 The junction between IL1RAPL1 intron 5 and dystrophin intron 55. Normal sequences of IL1RAPL1 intron 5 and dystrophin intron 55 are shown on the second top and second bottom lines, respectively. In the middle, the sequence across the insertion junction between IL1RAPL1 intron 5 and dystrophin intron 55 is shown. The Alu consensus sequences of Alu Sg and Alu Y are shown on the top and bottom lines, respectively. Vertical lines indicate nucleotide matches. Gaps are indicated by dashes. Before mismatches appear, the IL1RAPL1 intron 5 and dystrophin intron 62 are completely identical to the junction sequences. However, 10 bp, including two mismatches, are not found in either sequence. Vertical arrowheads indicate the rearrangement site with numbers on the X-chromosome (GenBank NT_011757).
Insertion of the IL1RAPL1 gene into the dystrophin gene Z Zhang et al fragment was PCR amplified using primers on IL1RAPL1 intron 5 and dystrophin intron 55 and one amplified product was obtained ( Figure 4) . Sequencing of this product showed a recombination site between the IL1RAPL1 and dystrophin genes; a multiple sequence alignment revealed that the IL1RAPL1 intron 5 sequence ended at nt 27199486 (GenBank NT_011757) and joined to nt 29310447 (GenBank NT_011757) of the dystrophin intron 55 sequence (Figure 4 ). Between these two sites, 10 nucleotides remained uncategorized in either sequence because of nucleotide mismatches. Therefore, the exact breakpoint of the junction could not be identified. Remarkably, the junction was found to be within an Alu repetitive element in both introns; an Alu Sg element in intron 5 of the IL1RAPL1 gene and an Alu Y element in intron 55 of the dystrophin gene (Figure 4 ). These two Alu elements were different from each other by 17.7% in their sequences. We decided that this junction was due to a homologous recombination between two Alu repeat sequences. To see any genomic change at junctions in intact introns, regions covering the junction site on IL1RAPL1 intron 5 and dystrophin intron 55 were PCR amplified from the patient's genomic DNA. The sequences of the amplified products were completely normal around the junction in the two introns. These results clearly indicated that a part of the IL1RAPL1 gene was inserted at the junction of the duplication mutation of the dystrophin gene in the same direction as the dystrophin gene. The duplication size of the dystrophin gene was calculated to be 243.7 kb. The size of the inserted fragment of the IL1RAPL1 gene was calculated to be nearly 359.0 kb. Both the patient's mother and maternal grandmother were found to have these two junctions in their genome by PCR amplification of the junction fragment (data not shown), suggesting that the complex duplication had been stably inherited. A total of 30 normal female controls were negative for each junction, suggesting that no part of the rearrangement is polymorphic.
Examination of duplicated exons
As we identified an extra copy of three exons of the IL1RAPL1 gene (Figure 2) , we looked for sequence differences between the extra copy and the wild type. The region encompassing the three exons was PCR amplified and directly sequenced. The sequences were completely normal and no heterozygosity was found (data not shown). In addition, all duplicated exons and polymorphic markers in introns 59 and 62 of the dystrophin gene were also analyzed. Their sequences were also completely normal and no heterozygosity was detected (data not shown). These sequencing results strongly suggested that the duplicated fragments were derived from the same genomic source.
In summary, we found the most complex dystrophin duplication mutation yet reported, consisting of a duplication/insertion mutation. The recombination event consisted of two different mechanisms of nonhomologous and Alu-mediated recombination and produced a chimeric transcript.
DISCUSSION
Here, we report a novel complex rearrangement in the dystrophin gene discovered by analyzing the dystrophin transcript. We identified a chimeric dystrophin-IL1RAPL1-dystrophin transcript with IL1RAPL1 exons 3-5 inserted between dystrophin exons 62 and 56. This rearrangement at the genomic level can be roughly summarized as a duplication of exons 56-62 of the dystrophin gene that was accompanied by an insertion of exons 3-5 of the IL1RAPL1 gene. In one study on duplications of the dystrophin gene, one of 118 duplications was reported to be complex, complicating an exon deletion. 5 As far as we know, our case is the second example of a complex duplication in the dystrophin gene but the most complicated one. In particular, all duplications have been reported as intragenic events. 5, 8, 26 This was the first study to show commitment of other genetic elements to cause duplication in the dystrophin gene. Although the identical duplication of dystrophin exons 56-62 has been reported in two cases (Leiden Muscular Dystrophy pages, www.dmd.nl), analysis of their mRNA has not been carried out. Further study is needed to see whether or not our complicated duplication is an exceptional event.
Although duplications are the second most common mutation in the dystrophin gene, the sequence of the duplication junction has rarely been clarified at the genomic DNA level. 5, 27 In this case, a small deletion and several nucleotide changes complicated a large insertion event (Figures 3 and 4) . It has been supposed that the sequence or structure of intron 62 may be vulnerable to complex rearrangement. 5 Considering that an alternative promoter for G-dystrophin is present within intron 62, this intron should be accessed easily by transcription factors (Figure 3) . It is conceivable that unknown structural characteristics promote complex rearrangement in this intron.
It was remarkable that a 359.0-kb fragment of the IL1RAP1 gene located 100 kb apart from the dystrophin gene was found inserted into the duplication junction ( Figure 5 ). An example of transposition of a large fragment from a distant site into the recombination site was reported in the coagulation factor F8 gene located on chromosome Xq28, and the 263-kb duplicated region was shown to have originated 5.2 Mb apart from the inserted site. 28 These suggest that the insertion of a large genomic fragment into a far distant region can be a cause of disease.
Considering that both dystrophin and IL1RAPL1 genes are present in the same common fragile site (FRAXC), 10 it is reasonable to consider co-occurrence of mutations in these two genes [11] [12] [13] Production of a chimeric dystrophin-IL1RAPL1 transcript, however, has been shown in one DMD patient who had a deletion encompassing B1.6 Mb from the IL1RAPL1 gene to the dystrophin gene. 12 Our case is the second to show the production of a chimeric dystrophin-IL1RAPL1 transcript (Figure 1) . Remarkably, both rearrangements producing a chimeric dystrophin-IL1RAPL1 transcript occurred in the Alus of IL1RAPL1 intron 5 located only 50 kb apart.
Recombination mechanisms, such as nonallelic homologous recombination and nonhomologous end joining, have been shown to underlie rearrangements causing genomic disorders, 16, 29 with the former accounting for the majority. It has been suggested that duplications within the dystrophin gene are primarily caused by unequal sister-chromatid exchange. 30, 31 However, synthesis-dependent nonhomologous end joining has been proposed as a cause of duplications, resulting in a tandem duplication at the site of a double-strand break. 5 Large tandem duplications are well-known causes of human genetic disease. 32 Especially in Pelizaeus-Merzbacher disease, an X-linked dysmyelinating disorder, nonrecurrent duplication of the dosage-sensitive PLP1 gene is known as the most common cause. 33 Recently, it was proposed that complex duplications of the proteolipid protein 1 (PLP1) gene are due to the replication-based mechanism of 'replication folk stalling and template switching (FoSTeS),' as these duplications could be explained by neither nonallelic homologous recombination nor a simple nonhomologous end joining recombination mechanism. 14 In our case, it is better to consider this possibility as the underlying mechanism for the complex genomic rearrangement ( Figure 5 ).
As mutations of the IL1RAPL1 gene have been identified in X-linked mental retardation, [34] [35] [36] our finding that three exons of the IL1RAPL1 gene were transposed into the dystrophin gene suggested the possibility of X-linked mental retardation caused by their deletion. Accordingly, there is one case of a three-exon deletion described in the literature resulting in mental retardation. 34 Therefore, we strongly suspect that concomitant mutations in the IL1RAPL1 gene and dystrophin gene account for both DMD and mental retardation. Further studies will elucidate the co-occurrence of mutations in both these genes and help explain why mental retardation is a complicating factor in DMD patients. Insertion of the IL1RAPL1 gene into the dystrophin gene Z Zhang et al
